The characteristics of the drum water level system are strong disturbance, nonlinear, strong coupling and multivariable. The sliding mode control (SMC) technique has the advantages of quick response and strong robustness. The linear extended state observer (LESO) takes the total disturbance of the system as the extended state of the system for modeling and reconstruction, so that the state observer has the ability to estimate the equivalent disturbance of the system. Combined with the advantages of two methods, the sliding mode control based on the extended observer (SMC-LESO) is applied to the control of drum water level. In the case of external disturbance and model parameter mismatch, the dynamic performance of the system is compared with that of the linear active disturbance rejection control (LADRC) system. Simulation results show that the SMC-LESO has the advantages of small overshoot, short settling time, strong anti-interference ability and good robustness. It has good engineering application value and the prospect.
I. INTRODUCTION
The drum water level control is an important part of boiler control [1] , [2] . The variation of the unit operating conditions and the complexity of the combustion system often cause severe disturbance to drum water level. Drum water level system shows strong disturbance, non-linearity and time-varying characteristics. At present, cascade three-impulse control is usually adopted to adjust drum water level, especially cascade PID control, which has a poor effect [3] , [4] .
Active disturbance rejection control (ADRC) was proposed by professor Han in the 1980s [5] , [6] . The main idea is to treat the uncertainty of the model and the external disturbance of the system as the total disturbance. As the core part of ADRC, the extended state observer (ESO) takes the total disturbance of the system as the extended state of the system for modeling and reconstruction, so that the state observer has the ability to estimate the equivalent disturbance of the system [7] . Cheng realizes the control of drum water level by using a cascade three-impulse control system composed of nonlinear ADRC [8] . However the parameter adjustment is too complex.
The associate editor coordinating the review of this manuscript and approving it for publication was Bin Xu. With the development of theory and technology, ADRC is widely used in various practical control problems, such as robot and manipulator control, aircraft control, power system control, etc. [11] - [13] . LADRC is greatly simplified by using linear extended state observer (LESO) and linear state feedback [9] , [10] . With only a few parameters adjusted. Hu applies LADRC to cascade three-stroke control of drum water level [14] . Jiang proposes to constitute the objective function with the variation of error and control quantity. The weighted factor of the objective function is selected to turn the tuning problem of controller parameters into an optimization problem [15] . Fu estimates the control gain with the formula of feed water flow. The system state is estimated by a linear extended state observer. The system has measures against actuator saturation [16] . The above mentioned work has better anti-interference ability, robustness and better control quality than the traditional three-impulse cascade PID control. However, these works mainly considered external interference, hardly considering the problem of model mismatch.
As one of the most famous nonlinear control strategies, sliding mode control (SMC) technique has the advantages of quick response and the strong robustness. Up to now, a lot of SMC schemes have been available for various complex systems [17] - [33] , [35] . Uncertain nonlinear systems with distributed delays and parameter perturbations are typical systems. Zhao et al. [35] proposed to use adaptive sliding mode fault-tolerant control to solve such problems. This method can compensate both uncertainties and distributed delays. when considering the difference of the input matrices of the fuzzy system, how to design the sliding mode controller is a challenging problem. In order to deal with the model uncertainties of the system, Yin et al. [36] designed an adaptive sliding mode controllers via Radial Basis Function (RBF) neural network technology in the instantaneous power tracking control loop. the proposed control strategy is robust to the change of load and has the significant value in practice. However, the power transformation under unbalanced grid voltage is not considered. Xu applies the adaptive Takagi-Sugeno (T-S) fuzzy multi-model to design the water level sliding mode prediction controller of the pressurized boiler drum. The results were highly robust [37] . Nevertheless the identification of model parameters uses two kinds of algorithms, which are too complex. Leng combines sliding mode variable structure control with predictive control. The difficulty of controlling the nonlinear uncertainty of drum water level in the marine supercharged boiler is solved with good robustness [38] . However the calculation is heavy and the real-time performance is poor.
This paper deals with the characteristics of the drum water level system, such as strong disturbance, nonlinearity and time variation. The SMC-LESO method is applied to the control of drum water level. The unmodeled dynamics and unknown external disturbances are estimated and compensated by LESO in real time. So it does not depend on the exact mathematical model and has strong robustness. The sliding mode control law is used to design the nonlinear state error feedback control law in ADRC structure to improve the quick response and stability of the system. The traditional LESO and SMC-LESO are compared and analyzed. The anti-interference performance under the external disturbance and model parameter mismatch is simulated to have small overshoot, short setting time.
The paper is organized as follows. Section II shows the design of the proposed SMC-LESO controller for the drum water level system. It includes the SMC design and LESO design. Comparison of SMC-LESO's performance with LESO is discussed in Section III. It includes the simulation and analysis of the anti-disturbance performance under the action of external disturbance and the mismatch of the model parameters. Finally, conclusions are drawn in Section IV.
II. DESIGN SMC-LESO OF DRUM WATER LEVEL
In the drum water level control system, a cascade threeimpulse controller is composed of three signals of drum water level Y (s), steam flow D (s) and feed water flow W (s). The transfer function model of drum water level system is shown in Figure 1 .
In the SMC-LESO drum water level control system, the LESO is the key for real-time estimation and the on-line compensation of the total disturbances of according to the input and output data. The SMC law is used to design the nonlinear state error feedback control law. The structural of SMC-LESO drum water level is shown in Figure 2 .
A. DESIGN OF THE LESO
In order to compensate for the internal disturbance and external disturbance to the control system by feedforward method, the mathematical model of the water level system can be simplified to a second-order system, i.e. n = 2, using LESO correlation description:
where, y is the output signal of the system, u is the control input signal of the system, b 0 is the gain of the controller, w is the external disturbance of the system, and f (·) is the total disturbance of internal disturbance and external disturbance. The states are defined as:
The total perturbation is extended to n + 1 = 3 order linear system, then the state space of Equation (1) is expressed as:
where,
The third-order LESO of the Equation (3) is established as follows:
where
Its matrix form is as follows: 
is the coefficient matrix. The characteristic polynomial of the error equation is:
The determination of K matrix is configured into the following form by bandwidth-based parameter configuration method.
thus, all characteristic roots overlap on a negative real number ω 0 (ω 0 is defined as the bandwidth of LESO) in the left half plane. Then the Lyapunov first stability condition is satisfied. So the asymptotic convergence of the error Equation (6) is guaranteed. The matrix K can be constructed simply by adjusting the bandwidth ω 0 . This greatly simplifies the parameter setting process. According to the binomial theorem, the gain coefficient can be finally determined as:
It can be seen from the structure of the gain coefficient that the bandwidth based LESO is a kind of high gain observer (GHO) [39] . However, it can simultaneously observe the extended state, which is the total disturbance including unmolded, non-measurable, internal and external disturbance, without using the specific model information of disturbance.
B. DESIGN OF SLIDING MODE NONLINEAR ERROR FEEDBACK CONTROL LAW
The sliding mode function designed for the drum water level can be written as:
where c>0, y r is the water lever setting value.
The sliding mode controller based on the extended observer is designed as:
C. STABILITY ANALYSIS OF THE CONTROLLER Take Lyapunov function of sliding mode control as
then we can geṫ
f is the estimated residual of the disturbance. Boths andṽ are linear functions of the observed error of states. When η is large enough,V c ≤ 0 can be guaranteed. Thus, the system is stable.
III. SIMULATION AND PERFORMANCE ANALYSIS OF DRUM WATER LEVEL SMC-LESO A. PERFORMANCE ANALYSIS UNDER EXTERNAL DISTURBANCE
The following performance indexes are defined to measure the dynamic performance of the system.
(1) settling time
where, y r is the reference input. y(t) is the actual output. The choice of parameter ε usually depends on the requirement of control accuracy. The amplitude of ε is greater than the amplitude of the observed noise. Then, t 0 is the system settling time.
(2) overshoot Suppose the time for the system output to reach the first wave peak is t p . Overshoot σ is defined as follows:
The following performance indexes are defined to measure the anti-interference performance of the system.
(3) recovery time
where y(t d ) is the stable output before adding disturbance. y(t d1 ) is the actual output. The choice of parameters generally depends on the requirement for control accuracy. t d is the time to add distractions. Then the disturbance recovery time t r is written as:
(4) dynamic landing Assuming that the time for the system output to reach the first wave peak value is t dp , then the dynamic landing τ is defined as:
The initial drum level is 0. Set the water level y r = 1. The transfer function of the control object and related parameters of the drum water level control system of a power plant are expressed in this form:
The SMC-LESO system adopts cascade and feedforward compound control scheme. The SMC-LESO is the main controller with parameters b 0 = 0.02, ω 0 = 1.12, ω c = 0.6, η = 50 and b = 0.02. The secondary controller is a PID controller with parameters are k p = 1.2, k i = 0.35 and k d = 5. The performance of the system under external disturbance is investigated. At t = t d1 = 100s, the steam flow rate D(s) changes from 0.5 to 2, that is, interference is added to the main loop. When t = t d2 = 200s, N 2 (s) of the secondary loop interference changes from 0 to 2, that is, interference is added to the secondary loop. The control accuracy is set as ±2%. t r1 is the recovery time after adding interference at time t d1 . τ 1 is the dynamic landing after adding disturbance at time t d1 . t r2 is the recovery time after adding interference at time t d2 . τ 2 is the dynamic landing after adding disturbance at time t d2 . The simulation results of LESO and SMC-LESO are shown in Figure 3 . The dynamic performance index and anti-interference performance index of LESO and SMC-LESO were listed. The comparison results are shown in Table 1 .
It can be seen from Figure 3 and Table 1 that SMC-LESO has better regulation performance and anti-interference performance. The settling time of LESO is 3.3 times that of SMC-LESO. The interference recovery time of LESO is 2.4 times that of SMC-LESO. The recovery time of LESO is 29s, while that of SMC-LESO is 0s. The overshoot value of LESO is 0.2% larger than that of SMC-LESO. The interference dynamic landing LESO of the main loop is 2.7 times that of SMC-LESO. The dynamic landing LESO of secondary loop interference is 5 times that of SMC-LESO. From the results we can see that the SMC-LESO has the advantages of faster response time and smaller overshoot than LESO.
B. PERFORMANCE ANALYSIS UNDER INTERNAL DISTURBANCES
The control performance of the system under internal disturbance is investigated. When t = 60s, G W is changed to: G W (s) = 0.0185 s(30s + 1)
.
That is, when the parameter ξ of the model is reduced by 50%, the comparison simulation between LESO and SMC-LESO is shown in Figure 4 . When the parameter ξ of the model increases by 50%, the comparison simulation between LESO and SMC-LESO is shown in Figure 5 . Then G W is changed to: G W (s) = 0.0555 s(30s + 1)
When t = 60s, when the model parameter T decreased by 50%, the comparison simulation of LESO and SMC-LESO is shown in Figure 6 . Then G W is changed to:
When the model parameter T increases by 50%, the comparison simulation between LESO and SMC-LESO is shown in Figure 7 . Then G W is changed to: G W (s) = 0.037 s(45s + 1)
The control accuracy is set as ±2%. When t = 60s, mismatching interference of parameter ξ or T is added to the system as internal interference. t r3 , t r4 , t r5 and t r6 are the recovery time after adding interference. τ 3 , τ 4 , τ 5 and τ 6 are the dynamic descent after adding interference.
It can be seen from Figure 3-6 and Table 2 that when the parameter ξ mismatch, the damping of LESO and SMC-LESO is larger, the overshoot of both is the same, but the recovery time of LESO is 1.3 times and 3.2 times that of SMC-LESO respectively. Both perform well when the parameter T is reduced. When parameter T was increased by 50%, the overshoot was not significantly different, but the recovery time of LESO was 4.75 times that of SMC-LESO. In general, SMC-LESO has shorter recovery time, better overall performance and stronger robustness when the parameters ξ and T mismatch.
IV. CONCLUSION
The characteristics of the drum water level system are strong disturbance, nonlinear, strong coupling and multivariable.
Combined with the advantages of SMC and LESO, the SMC-LESO is applied to the control of drum water level. The unmolded dynamics and unknown external disturbances of the system are estimated and compensated by LESO in real time. The SMC law is used as the nonlinear state error feedback control law in the ADRC structure. Under the external disturbance and the mismatch of model parameters, the anti-interference performance of the system is simulated and analyzed. The comparison with LESO shows that the SMC-LESO for drum water level control system has the advantages of small overshoot, short settling time, strong anti-interference ability and good robustness, and has the good engineering application value and prospect. However, the saturation of actuator is not considered in the design of SMC-LADRC. If the actuator constraints can be considered in future studies, the dynamic performance of the system will be better. It is also more conducive to the practical industrial application and promotion of this method. 
